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A five-stage  axial-flow  coqressor with a l l  rotor rows operating 
with transonic  relative inlet Mach nrmibers was designed as a research 
unit t o  study the poten t ia l i t i es  and problems azising from the  compound- 
ing of transonic  stages. The comgressor was designed a s  a component of 
an existing  turbo jet engine. i 

* A t  a t i p  speed of 1100 f e e t  per second, the congressor was designed 
t o  produce as over-all total-pressure ratio of 5 at a corrected  specific 
weight flow of 31 pounds per second per. square foot of ro tor   f ron ta l  
mea. With the  absolute  velocitfes uial at the inlet to all rotor 
rows, ro to r   t i p   r e l a t ive  Mach numbers var ied from 1.18 in  the first 
stage t o  0.90 in t h e   f i f t h  stage. Constant t o t a l  enthalpy and constant 
entropy from hub t o  t i p  w e r e  used in the velocity-diagram  construction. 
Stage  total-pressure  ratios were determined from considerations of allow- 
able blade loading as  expressed i n  terms of the blade-element diffusion 
factor. 

This report  presents all design  values and procedures, blade-row 
velocity diagrams, am? the  selection of blade shages. 

IIEROIXJCTION 

The requirements of effective &craft propulsion  indicate  the 
des i rab i l i ty  of operating lightweight compact turbojet  engines that me 
highly  efficient over wide ranges. For turbo jet engines  incolporating 
the multistage axial-flow compressor, reduction in compressor s ize  and 

rider of stages required to produce the  desired  pressure  ratio) and 
increasing mass flow per unit frontal  area. These requirements fo r  

. weight c m  be effected by increasing stage  pressure  ratio  (reducing  the 

i higher levels of stage performance can theoretically  be met by increasing 
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the   in le t  M a c h  number re la t ive   to   the   ro tor .  An indication of the 
potent ia l  gains i n  these perforgmnce characterist ics a6 the maxbm in le t  
rotor Mach number i s  increased from 0.75 t o  1.10 i s  given in  reference 1. 

It i s  demonstrated in  references 2 asd 3 that axial-flow compressor 
rotors  and stages of high pressure  ratio (1.35 t o  1.50), md high  spe- 
c i f i c  mass Plow (28 t o  34 lb/( sec) (sq f t  of f ron ta l  area)), while main- 
taining high efficiency (approx. 0.90), can be obtained  by  designing  for 
operation i n  the transonic  region of ro tor   re la t ive  inlet Mach numbers. 
Stator-outlet  conditions and general performance of the transonic  inlet  
stage appear satisfactory  for purposes of multistaging  trlth succeedfng 
stages of conventional  deeign (ref. 2 ) .  Reference 4 i l lus t ra tes   the  
favorable results that have been  obtained by employing transonic  rotors 
i n  the f i r s t  two stages of a multistage compressor. 

It i s  also speculated tha t  transonic rotor  operation need not be 
r ee t r i c t ed   t o  inlet stages. Further  Fncreases in average stage  pressure 
r a t i o  might be  realized if all of the rotors  of a multistage machine 
were designed t o  operate at higher than conventional  levels of relative 
inlet Mach number. A fwther reduction in the total number of stages 
might then  be  obtained. Emever, several  important  observations  can  be 
made about all-transonic  operation. Ln order t o  maintain high re lat ive R 

i n l e t  Mach numbers i n  succeeding rotor rows and sti l l  obtain a l o w  
compressor-discharge  velocity, it i s  necessary, with high-pressure-ratio 
rotors ,   to  employ stator  turning angles of s e a t e r  magnitude (up t o  about 
45O) than  those  occurring in conventional  designs. A recent  investiga- 
t i on  of high-turning  axial-dischasge  stator  blades  (ref .- 5 ) ,  however, 
indicates  that   practically no sacrifice i n  stage  design-point  efficiency 
need resu l t  with the use of highly cambered s ta tors  if Illoderate s ta tor  
blade  loadings  (as  discussed  in. ref. 6) and best Fncidence angles are 
obtained. Secondly, while the single-stage  transonic compressors  exhib- 
i t ed  good performance i n  the off -design  regions of operation,  certain 
characteristics  indicate  the  possLbility of off-design problems i n  a 
multistage unit. Because of the reduced rarge of operation (1088 against 
incidence-angle  characteristics) of rotor blade sections at high i n l e t  
Mach numbers (ref. 1) , the compomises in blade set t ing that may be 
desirable  to  aid  part-speed performance may be limited for  both  the  out- 
l e t  and inlet   stages.  

c 

In view of these  considerations, an experimental  five-stage axial- 
flow compressor vat3 designed and constructed at the NACA Lewis laboratory 
to   invest igate  the potentials a& problems of a high-stage-pressure-ratio 
compressor obtained by the use of t r anson ic   ro to r s   i n   a l l  stages. The 
cotrrpressor was designed for  an ,average stage  pressure  ratio of 1.38 with 
stators  operating at convention;sl i n l e t -  Mach numbers but  turning  the flow 
back to  the  axial   direction. The compressor w a s  ins ta l led and operated 
as a component of an existing turbojet engine. T h i s  report summarizes 
the  design  procedure and includes the calculation of the velocity L 
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diagrams and the  selection and design of blade shages. The over-all 
performance of the compressor over the  operating  range of 40 t o  100 per- 
cent of equivalent  design speed is presented in reference 7. 

SYMBOIS 

The following symbols are used i n  this report: 

+ compressor frontal  area, 2 . B  sq f t  

a velocity of sound, f t /sec 

."o 
(d 
P 

C blade chord length,  in. 

D diffusion  factor (ref. 6) 

Q acceleration due t o  gravity, 32 17 ft/sec2 

H t o t a l  enthalpy, sq ft /sec2 

i incidence  angle,  angle between inlet   relative  air-velocity  vector 
and tangent t o  blade mean l i n e   a t  leading edge, deg 

K w a l l  boun-y-layer blockage factor 

M absolute Mach number 

" re la t ive  Mach nuniber 

P .absolute t o t a l  pressure, lb/sq ft 

I, s t a t i c  pressure, lb/sq f t  

R gas  constant for air, ft/%, 53-35 

S entropy, sq f t / (sec2 ) ( O R )  

T absolute   total  temperature, OR 

t s t a t i c  temperature, OR 

u blade speed, f t / sec  

TT absolute velocity of air, f t /sec 

r radius measured from axis of rotation, f t  
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velocity of air re l a t ive   t o  blade row, f t /sec 

weight flow of air, lb/se c 

distance 

r a t i o  of 

absolute 

air -f low 
deg 

along axis, f t  

rad ius   t o   t i p  radius 

dr-flow angle measured from axial  direction, deg 

angle  relative t o  blade row aeasured from axial direction, 
: to 

air turning  angle, change i n  relative flow angle from i n l e t   t o  
out le t  of blade row, deg 

air-flow  angle measured on e t r e a i n e  (tangent)  plane  (see fig. 41, 
de63 

r a t i o  of.  specific heats for  air, 1.40 

blade angle,  angle between tangent t o  blade m e a n  l i ne  at leading 
o r  t r a i l i ng  edge a& aiial direction, deg 

deviation  angle, angle between outlet  relative  &-velocity  vector 
and tangent t o  blade mean Une at t r a i l i ng  -e, deg 

angle of streamllae  plane  across blade row,  computed from radius 
change and axial depth acro ss blade row, deg 

adiabatic  temperature-rise  efficiency 

distance in  tangential   direction 

chord angle, angle between blade chord line  asd axial dlrection, 
deg 

static density of air, lb/cu f t  

solidity,   ratio of blade chord t o  blade  spacing 

camber angle, difference between blade  angles at inlet and outlet  
of blade row, deg 

SubSmtpt6: 

f . 6 .  f r ee  stream 

h hub 
L 

.. 
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i d   i d e a l  

n axial station  location nuTdber (from 0 t o  13, fig. 2) 

R rotor 

r radial direction 

T t o t a l  or stagnation conditions 

t t i p  

X axial direction 

e tangential   direction 

Numbered subscripts  refer  to axial stations 

The resemch compressor was designed f o r  ins ta l la t ion  in  an existing 
turbojet  engine in order t o  obtaw a convenient power source. Accord- ingly, geometry and over-all design specifica-bions of t he  compressor are 
governed t o  a large extent by the mechanical aad aerodynsmic character- 
i s t i c s  of the t e s t  engine and i t s  components. The following over-all 
characterist ics w e r e  chosen for the design of the  five-stage  transonic 
research compressor: 

(1) Total-pressure  ratio = 5.0 (average  stage  tot&-pressure ratio 
= 1.38) 

(2) Compressor rotor  outer aameter, 20 in. ( constant) 

(3) I n l e t  hLib-tip raaius ra t io ,  0.50 

(4) Tip sped, 1100 ft/sec 

(5) I n l e t  axial Mach number, 0.6 (met axial   velocity P 648 f t / s ec  
at standasd inlet  conditions) 

(6) Dischasge axial velocity, 520 f t / sec  

(7) Constant r8d ia l  work input 
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For an assumed value of wall boundary-layer  blockage at the compres- 
sor inlet of 1 percent,  these design values  give a corrected weight flow 
of 67 -5 pounds per .second, corresponding to a specific weight  flow of 31 
pounds per second per  square  foot of rotor   f rontal  area. Because of the 
approximate symmetry  of casing  fairing at the f irst  rotor inlet (s ta t ion 
21, the   axial   veloci ty   a t  the i n l e t  t o  the first  rotor row was conaidered 
t o  be constant aCrOB8 the radial  height of the annulus. The UOO-foot- 
per-second t i p  speed and 0.60 inlet ax ia l  Mach nmiber conibine t o  give a 
re la t ive Mach  number of 1.18 a t   t h e  t i p  of the first rotor row. co 

0, 
rl 
M The m a g n i t u d e  of the compressor-outlet a x i a l  velocity was deter- 

mined after consideration of the existing diffuser and coribustor designs. 
In general,  since &sire5 combustor-inlet  velocity i s  much lower than 
the compressor-inlet  velocity, the question arises as how t o  dis t r ibute  
the diffusion  in  axial   velocity between comgressor and diffuser. Large 
amounts of axial-velocity  diff'usion in the compressor will tend t o  
reduce the  pressure  ratio corresponding t o  a given  value of design  blade 
loading (diffusion  factor of ref. S), while large amounts of diffusion 
after the compressor might require diffuser  sections of excessive  length. 
The outlet   axial   velocity chosen was believed compatible with the dif- 
fuser capability and compressor blade loading. 

STAGE DESIGN 

The nmiber of' stages required  to produce the  desired  over-all  pres- 
sure r a t i o  of 5 w a s  determined from preliminary  calculations of average 
stage pressure  ratios  obtainable f r o m  reasonable values .of blade lo-ng 
at the  design  t ip  speed of the compressor. 

Adiabatic Hf fciency 

The prediction of the ad iaa t i c   e f f i c i ency  of an axial-f low  corn-. 
pressor  presents a very complex  problem, since a detaLled knowledge of 
the flow losaes is lnvolved. Consequently, efficiencies are generally 
assumed, based on previous  experience. From considerations of refer- 
ences 1 and 5, the  adiabatic  efficiency of the first stage was assumed 
t o  be 0.89. Over stages 2 to  5 a continual decrease in  stage  efficiency 
was assumed, since the hub and casing boundary layers influence an 
increasing  portion of the blade span as the flow area i s  decreased 
across  the compressor. Stage  efficiencies  selected. are given Fn table 
I. For the design compressor total-pressure  ratfo of 5, these stage 
efficiencies  give an over-all  efficiency of approximately 0.85. 

f 
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- Axial  Velocity 
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In order  that  transonic-rotor  relative inlet Mach  nucabers be main- 
tained in succeeding stages, and for  simplicity Fn the  design  calcula- 
tions,  axial  discharge (no outlet   rotation) from each s ta tor  row was 
prescribed. Thls design  condition, combined with the velocity-diagram 
assmptions of constant  enthalpy,  constant  entropy, and equilibrium of 
s ta t ic   pressure from hub t o  t i p ,   r e su l t s  Fn an axial  velocity  that  is 
radFaUy  constant at all atatLon6 (Bee  append* A ) .  The prescribed dif- 
fusion of the axial  velocity  &moss  the compressor was approximately 
~ n f f o r ~ ~ ~ y  d i s t r i b u t e  anrow the stages ( tab le  I). 

Pressure Rat io  

The stagewise  dLstribution of total-pressure raeio was chosen from 
considerations of indLvldual stage  blade-loading  lbnitation and of off - 
design performance characteristics. According t o  reference 8, -roved 
off  -design performance is obtained by l i gh t ly  loadrng the   i n l e t  stage, 
designing the intermediate  stages  close  to their loading limit, and . moderately loading the exit 'stagee. For this design, a m e a s u r e  of the 
blade laadlng was obtained by m e a n s  of the diffusion  factor of refer- 
ence 6. For both  rotor and stator,  the aiffusion factor, wmch indicates 

i t y  gradient, is defined in terms of the blade-row velocity d.iagrams by 
blade loadlng by  serving as a measure of the blade  suct ion-sdace veloc- 

From the terms of equation (1) and consideration of velocity-triangle 
relationships, it is  apparent that the diffusfon factor i s  a function of 
the change of tangential   velocity across a blade row (measure of the 
bwe-row  pressure  ratio),  solidity, axial-velocity  ratio, and air w e t  
angle. 

Ekperience has sham that, fo r  a typical  transonic stage, the  value 
of design  diffusion  factor in the r o t o r  t ip  region i s  a c r i t i c a l  deter- 
minant of the efficiency of the stage (ref. 1) . Accordin@;ly, a stagewise 
dis t r ibut ion of to ta l   p ressure  at the t i p  section vas obtained t o  come- 
spond with the suggested stagewise variation of blade  loading  (diffusion 
factor) .  The procedure used w a s  t o  assume seve ra l  values of rotor  pres- 
sure ratio and from the prescribed  values of rotor  efficiency, axial 
velocity across the  rotor, aSa so l ia i ty ,  t o  c a q u t e  the rotor blade t i p  

give a reasonable  variation of diffusion factor as indicated by the  loss 
correlations of reference 6 EbM t o  match the desired over-all  pressure 

*& diffusion  factors .   Find values of stage  pressure ratio were chosen t o  

4 r a t i o .  
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The stepwiee  procedure used for determining the stage  design  char- 
ac te r i s t ics  was as follows: 

(1) Average axial velocity at the  outlet  of each stage i s  known 
from the prescribed  dietribution of axial  velocity across the compressor. 
On the  baeis of experience, all the drop in . s tage  average a x i a l  velocity 
was assumed t o  occur  across the rotor.  For the type of design used 
herein, in w h i c h  the axial velocity i s  constant radially, the average 
value of axial velocity i s  ident ical   to  the local  value at the t i p   f o r  
rotor and stator.  

(2 )  Rotor  blade t i p   so l id i t i e s  w e r e  selected  according t o  previous 
transonic  experience. 

(3) Several  values of stage  total-pressure  ratio w e r e  assumed and 
stage  total-temperature  ratio computed from the prescribed  value of stage 
efficiency  ( table I) and equation (A7) . Assuming no change in  t o t a l  
temperature across the   s ta tor  row and a rotor  efficiency 2 points higher 
than  the  stage  efficiency,  rotor  total-pressure  ratio w a ~  computed. 

(4) From equation (A6) and the rotor  pressure  ratio values of step 
(3), the change in  tangential  velocity  across the rotor was determined. 

(5) From the rotor-inlet  and -outlet  velocity-diagram corqponents 
( steps (1) and (4) ) and the selected value8 of rotor   t ip   sol idi ty   (s tep 
(2) ) , rotor   t ip   diffusion f actors w e r e  computed from equation ( 1) . 

(6)  A stage total-pressure  ratio w a s  chosen t o  give a reasonable 
value of ro tor   t ip   d i f fus ion   fac tor  as selected from considerations of 
the suggested  stagewise variations of blade loading. 

(7) The procedure  outlined i n  eteps (1) t o  (6)  was then   qp l ied  t o  
each  succeeding stage across the  campressor. 

(8) Stage  total-pressure  ratios and rot- blade t i p   s o l i d i t i e s  were 
adjusted  slightly  to  obtain  both the desired over-all  total  pressure 
r a t io  and distribution of diffusion  factor. 

The efficiencies  given  in  table I and used in this procedure were 
representative of mass-averaged efficiencies  that   include  the losses i n  
the wall boundary layers. S t r i c t l y  speaking, since  these and subsequent 
velocity-diagram  calculations are intended to  represent  the  free-stream 
portions of t he  flow (central  region of blade height where efficiencies 
are  comparatively  high), average blade-element efficiencies which  con- 
sider only the  losses  associated with the flow around the blade element 
should be employed.  According t o  reference 9, it would be desirable, 
furthermore, t o  consider  the  effects on the design  velocity  distributiona 
due t o  any radial variations of entropy  (blade-element  efficiency) that 

5 
M 

.' 
b 
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. may exist i n  the  free-stream  region. This procedure may be  especially 
des i rab le   in  the later  stages. A similar consideration  applies t o  the 
values of total-pressure  ratio used i n   t h e  velocity-diagram  calculations. 
Ln this more specific  calculation  procedure, which essentislly  represents 
the  free-stream flow distrlbutions,  the  defects i n  total-pressure r a t i o  
a& efficiency in the w a l l  boundary-layer regions  at hub and tip would 
have t o  be  estimated i n  some  manner i n  order t o  obtain a measure of the 
compressor mass-averaged total-pressure  ratio and efficiency. 

E 
a, BOunda,ry-layer Blockage Factor 

As indicated Fn the  previous  section,  at any axial   s ta t ion between 
blade rows, the  design approach considered that the flow acroas  the 
annulus was divided  into two d i s t inc t  portions, a main or  free-stream 

and a small portion  near  the  .casing w a l l s  known as the  wall boundary 
layer where the  viscosity  effects on the  flow become appreciable. A 
typical radial variation of the  product pVx might then  appear as  Shawn 
by the   sol id  line in figure 1. Integrated  weight  flow a t   t h e  axial sta- 
t i o n  i s  given by 

cu portion where the viscosity  effects of the fluid on the flow are  amall, 
24 u 

. 
w - 2sr (pVx)r * (2) 

* 

where (pV,) refers t o  Local  values along the radius. 

Since  the  design  equations used herein  consider only the  free-stream 
f l o w ,  asd since it was convenient t o  work with  the  geometric limits of 
hub  and t i p  radius, &IL idea l  weight flow, or weight flow computed as if 
no wall boundary layers existed, was defined  by 

where the (pV,) f. are the  free-stream  values d r q o l a t e d  t o  the w a l l  
boundaries  (dotted lFne in f ig .  1) . The actual weight flow may then  be 
related t o  the  ideal  w e i g h t  flow by means of the  blockage  factor K, as 

J 
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The boundary-layer  blockage factor  then  serves as a measure of the 
wall boundary-layer displacement thicknesa. It should be noted that the 
blockage factor  as defined bears m re la t ion   to  the free-stream eff i -  
ciencies-,  since  only  blade-element  losses should be considered i n  the 
computation of density and axial  veloci$y i n  equation ( 4 ) .  The blockage 
factor,  as a displacement  thickness, however, w i l l  be proportional  to 
the loss in total   pressure and efficiency i n  the w a l l  boundqy-layer 
regions and will, therefore,  be a measure of the relat ion between average 
free-stream  (velocity-diagram)  conditions and mass-averaged conditions. a 

F 
CT 

. A value of IC of 0.95 at the-   out le t  of the first stage was obtained 
f r o m  prertous  transonic-compressor  experience (ref. 5), and an approx- 
imately l inear   var ia t ion  to  0.90 at the compressor discharge w a s  assumed. 
The stagewiae  dietribukion of K i s  shown i n  table  I. 

- 

Although the concept o f .  a division of the f l o w  in to  viscous a d  
nonviscous  regions i s  Indicated  by  experience t o  be an adequate  represen- 
ta t ion  of the flow i n   t h e   M e t  stages, it i s  recognized that such-a 
division may not be representative of the f l o w  in the later stages, 
where, because of the comparatively short blade heights, the  viscous 
effects  extend  over a much greater portion of the passage height, and 
the pV, product will tend t o  approach a more pazabolic form (8s i n  
pipe flow). In such cases, a s t r ic t   d iv is ion  of the flow in to  free- 
stream and boundary-layer  regions might be U f i c u l t .  For the five-stage 
design, however, f o r   s i q l i c i t y ,  the blockage-factor concept was used i n  S 

all stages.  

# 

Eub Contour 

With stage total-pressure  ratio,  total-teqperature  ratio, boundary- 
layer blockage factor  K, and average stator-outlet  axial  velocity V, 
known, the annulus area, and therefcre the hub radius  ratio, a t  the  out- 
l e t  of each stage was computed from equation (B6). 

With hub radius   ra t io  va lues  computed a t  each stage exit ,  axial 
chord lengths and axial clearances between blade rows were selected snd 
a smooth hub profile drawn tbrough these points. Because t h i s  compressor 
was designed as a research compressor, axial spacings of 3/4 inch  behind 

each rotor r o w  and 1- inches  behind each s ta tor  row w e r e  maintained to 
permit  the  use of survey instixIments. 

1 
8 

. .. 

In  view of the large axial blade-row clearances and the low blade 
aspect  ratios (blade chord lengths are dlscussed i n  a l a t e r  section)., as 
Indicated in  reference 10, the effects  of streamline  curvature i n  the 
radial-axial plane on the radial equilibrium of the flow w e r e  considered 
negligible. However, i n  view of the sensi t ivi ty  of transonic-rotor 

.' 
b 
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performance t o  incidence  angle, the change in  axial velocity  &moss  the 
relatively  large  axial   clearance between stator t r a i l i n g  edge and rotor  
leading edge was taken  into account  by the adoption of t w o  comgutational 
stations between the s ta tor  and rotor.  The stator-outlet   stations,  
where stage  design  characteristics were prescribed,  are  designated  by 
even  numerals, & the ro to r  i n l e t s  by lettered  stations.  A sketch of 
the  passage  contour of the compressor showing the various blade-row- 
i n l e t  and -out le t  stations i s  preeented in figure 2. 

Velocity D i a g r a m  

Velocity diagrams w e r e  computed at the   i n l e t  and outlet  of each 
blade row f o r  six equally spaced positions along the blade height.  For 
8inq?licityJ the s t ream7es   across  a blade row w e r e  assumed t o  l i e  along 
conic surfaces. A sketch  i l lustrat ing the assumed and t r u e  stremlbes 
i s  shown i n   f i g u r e  3, a d  the velocity and angle relat ions i n  the tan- 
gent  plane  me sham i n  figure 4. In determining  the flow streamline 
path,  since the ty-pe of design which gives 8 radially constant  axial 
velocity shows very small mass-flow shifts across  a blade row, the radial 
passage  height at each computational  plane w a s  divided Fnto the same 
number of equal radial incregents and the  streamlines were  assumed t o  
peas through these points. Thus, for a given streamline, at each axial 
station, 

r+ - r 
L, = constant 

rt - rh 

where r i s  the radius at which the  streamline  intersects the coruputa- 
tional  plane. For computational  purposes, a general  expression  involving 
radius r a t i o  z = r/rt w a s  written t o  give  the radius r a t i o  zn of a 
particulez  streamline at any axia l   s ta t ion  n f o r  & given radius r a t i o  
22 at inlet s ta t ion 2 as 

Values of the rad ius  r a t i o  along the  hub streamline w e r e  obtained from 
the layout of the hub contour. 

The various conditions and assumptions d the complete equations 
used i n  the calculation of stage  velocity diagrams In the streamline 
(tangent)  plane  are  presented in appendix A. In the  numerical  calcula- 
t ions  for ,  t h i s  design, the radial angle terms in  the velocity-diqpam 
calculations were neglected,  because the largest  value of tangent-plane 
angle c was relatively small (maximum value about l2O at the  hub of 
the f irst  rotor) . The step-by-step  procedure used t o  calculate the 
velocity diagrams w a s  as follows: 



(2) Rotor-Wet relative velocit ies and anglee were  computed from 
equations ( A l 2 )  and (Al.3). For  the secund t o  fifth rotors,  the axial 
velocity at the ro to r   i n l e t  ( lettered stations) was determined from the 
axial velocity at the s ta tor   out le t  of the  preceding stage and. fram con- 
siderations of the chan@;e i n  annulus area between the two station  loca- 
tions. 

!! 
(3) Absolute tangential   velocit ies at the rotor   out le t  were  computed M 

from  equations (A6) as described i n  the pressure  ratio  section and (A3) . 
(4) Axial  velocity at rotor   out le t  was obtained f rom a trial-and- 

error  solution of the continuity  integral  (eq. (A8)). Several  values of 
axial   velocity were selected and corresponding  values of density and 
weight flow w e r e  c q u t e d  from equations (A9) , ( AlO) , and (AB) . The 
Correct  value of axial velocity wa8 then ObtaFned from the  graphical 
intersection of conq?uted ehna design w e i g h t  flows. 

(5) Velocity diagrams at rotor   out le t   (s ta tor  inlet) were ccmputed . 
f r o m  equations ( ~ 1 4 )  t o  ( ~ 7 )  . 

(6) The magnitude and direction of the stator-outlet  velocities 
w e r e  given by the design  requirement of axial discharge of the flow from 
the  s ta tor  row and the prescribed  vdues of stage-outlet  axial  velocity 
(table I) . 

A schematic  sketch of a typical  stage velocity diagram at hub and 
t i p  i s  shown i n  figure 5, asd tabulated  values of velocity and angle i n  
the  tangent  plane at the six radial design  positions are listed f o r  all 
stages in   t ab l e s  I1 (rotor  velocity diagrams) and 111 ( stator  velocity 
diagrams) . 

Rotor 

The blade shape selected for the rotor was the double-circular-arc 
profile  consisting of cFrcula3"a;rc pressure and suction surfaces. Ex- 
periences with transonic  rotors a t  the time indicated .that the double 
c i rculm  arc  w a s  a satisfactory  blade shape for  transonic  operation (see 
ref 8.  ll and 12 f cx conaiderations of transonic blade shapes) . The 
circular-arc  blade has the added advantage of  s€.nrglicity of design and 
analysis . 
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The large  reduction of low-loss range of  incidence  angle as Mach 
number i s  increased (ref. 5) makes the  selection of incidence  angle an 
important  consideration in  transopic  multistage  design. From considera- 
t ions of limited  available high Mach number data  (ref s. 5 and 13) , a 
constant pos i t i ve  incidence  angle of 4O was selected for all radii and 
all rotor  blade rows. 

Q) m 
rl 
M 

Camber angle. - Figure 6 shows the geometric re la t ions between in- 
cidence  angle, turning angle, and deviation  angle n e c e s s q  to  compte 
the blade camber angle, uhich is  given by 

(,PA@* + E 0  - i  

For fixed values of Lncidence -le, the carher angle  required f o r  the 
design air turning  angle 2 s  then  determined from the  deviation-angle 
chazscterist ics of the  blade shape. Deviation  angle  (fig. 6) i s  the 
difference between the  direction of the  out le t  air  and the  tangent t o  the 
blade mean Une at the trailing edge. 

A t  the time of design, no deviation-angle  rules were known tha t  had 
proven  accurate f o r  th i s  type of design. For the f i r s t  two stages, i n  
vLew of the  s imilar i ty  between this design a+ the  design and perform- 
ance of the  transonic  rotor of reference 2, the  design values of devia- 
tion  aagle were selected  to correspond to  the  devhtion  angles of the 
ro to r  of reference 2. For the other stages, which were designed a t  a 
somewhat later date, it was found tha t ,  for  a fixed  incidence angle of 4-*, 
the  deviation  angle can be approximated by the  empirical  relation 

obtained: from a  survey of a Umited amount of circular-arc transonic- 
rotor data. In the  calculation of camber Etnd deviation angles as given 
by equations (7) and (8), 811 i t e r a t ion  was required. f o r  assumed values 
of camber necessary for the  evaluation of the chord  angle e .  Design 
values of deviation and camber angle are given in   t ab l e  IV. More recent 
considerations of deviation-angle  characteristics fo r  circulm-arc  blades 
m e  given In references 1 and 13. 

Blade  construction. - A campressor  blade i s  design&  as  a radial 
stacking of a number of individual blade  elements. For ease of manufac- 
ture, it waa desirable that the  coordinates of a b l d e  element be spec- 
i f i e d  on a plane  perpendicular t o  the  radial  stacking  line of the  blade 
(hereafter  called  the  horizontal plane). Since a l l  cotrguted air and 

’ blade  properties  l ie along the streamline  (tangent)  plane, it was nec- 
essary t o  obtain  these  blade  properties on a harieontal plane. Camputed 
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blade angles at the blade inlet and out le t  w e r e  projected  to the hori- 
zontal plane  by rueam of geometric  considerations that Incorporated  cor- 
rections  necessarg because the blade leading and trailing edges were not 
r ad ia l  elements. The proJected  blade angles were then  plotted against  
the respective  radius. From these plots, inlet atla outlet  blade angles 
for a given radius w e r e  obtafsed aSa a blade caaiber angle tn the hori- 
zontal plane far that  radfua was computed from the  difference between the 
blade angles a t  the inlet md outlet .  

To fur ther  sinqlif'y the calculation of blade coordLnates and the 
fabrication of the blades, the desired circular-arc mean l i ne  was  assumed 
a long the  horizontal blade element. Around this   c i rcular-arc  mem l ine  
w a s  wrapped a thickness as defined  by  circular-asc  dressure and suction 
surfaces that pass through the maximum thickness  point at the 50-percent 
chord s ta t ion  and are tangent t o  O.Ol.5-inch-radius c i rc les  with centers 
at the end point s of the mean line. 

Although the blade sections on t h e   s t r e d i n e  plane do not have the 
desired  circular-arc mean l i ne  i n  the  inlet ~tages, Uttle d i f f i c u l t y   i e  
anticipated i n  obtaining the &sign flow conditions h the hub region, 
inasmuch as calculations in reference 1 indicate that amaU errors Fn 
re la t ive   a i r   ou t le t  angle at the hub of this type of transonic inlet 
stage w i l l  have a relatively small effect  on rotor performance. The 
correct establishment of blade  profiles i n  the streamline plane should 
be particularly desirable for   des igns   in  which t h e   t i p  diameter i s  var ied  
across the  blade raw, in  view of the increased sensi t ivi ty  of the  t ip-  
region flow t o  angle  errors (ref. 1) . 

Radial  variations of maximum thickness were selected f r o m  both  aero- 
dynamic and stress considerations. To decrease the blade etress due t o  
the centrifugal  forces, a hy-perbalic radial variation of maxLnnm thick- 
ness with thin tip  sect ions has been found desirable. The thin t i p  sec- 
t ions are also de6irable aerodynamically for   the high inlet Mach &era 
encountered i n  the t i p  region. Maximum bl& thickness at the hub was 
chosen 60 that, on the  basia of ane-dimensional area  considerations, the 
blade sections at the hub  showed no choking d i f f icu l t ies .  

Blade-element properties on the  horizontal  plane are presented i n  
table IV. For stages 4 and 5, since the angle that the streamline  plane 
makes d t h  the horizontal i s  very mall (maximum of 4O at hub of fourth 
rotor row), the blade properties on the horizontal plane were  assumed t o  
be the same a6 those  cdculated for  the streamline plane. 

z 

. .  

B l a d e  chord lengths were selected on the  basis of previous  transonic 
experience (ref. 2 )  and structural  coneiderations  involving blade atrength, 
s h d t  c r i t i c a l  speed, and existing engine  construction. Mal and actual 
chord lengths w e  presented in table IV. Recent  unpublished data (also 
refs .  3 and 14) indicate that efficient  transonlc-rotor  operation am be 
obtained with blades having shorter chord lengths. Rotor blades were 
constructed- of a heat-treated  alloy steel. 

c 
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Stator 

L 

In t h e   f i r s t  two s ta tor  rows, the  double-circulaz-arc  blade 
(circular-arc  pressure and s'uction  surfaces) was used (as i n  refs. 2 and 
51, and for  the  last   three  stages,  where the in l e t  Mach numbers were 
reduced, a 65-series thickness dis t r ibut ion of reference l5 was modified 
and used i n  conjunction  with the circubr-arc  mean line. The 65-series 
thickness distribution was used from the le- edge t o  the  60-percent- 
chord point,  but from there the conventional  thickness  distribution was' 
modified  by using a linear fa i r ing  from the 60-percent-chord point t o  an 
0.8-percent-chord rad ius  at the trail- edge. The coordinates of the 
modified  65-series thickness d i s t r ibu t ion   ( i - e - ,  normal t o  the me- l ine) 
for  a 10-percent maximutn thickness are shown i n   t ab l e  V I .  Coordinates 
f o r  other ,values of maximum thickness were scaled  proportionately. The 
f i r s t  two rows of double-circulaz"a3.c stator blades were s e t   a t  an in-  
cfdence aagle of 0'; while,  because of the increased camber angles,  the 
las t   th ree  rows of 65-series  type  stator  blades were se t   a t  an incidence 
angle of -2'. 

Caniber angles were determined from a deviation-angle  rule  very 
similar t o  equation  (8),  except  that a radial ly  varying value of the 
constant in the numerator of equation (8) was found. desirable f r o m  a 
correlation of limited  available stator data. The radial variation of 
the  constant used in equation (8) is  presented in  f igure 7 fo r  v&lues of 
radius r a t i o  because of t h e   l a g e  vmiation of blade  span over w h i c h  the  
equation w a s  applied. Again, more recent  considerations of deviation- 
angle  characterlatics are given in reference 1. A s  was done for   the 
ro tor  blades, a hyperbolic sparrulse dist r ibut ion of maximum thickness 
was enploy&. Design  values of the  pertinent  parmeters of the stators 
are  given  in table III Fn the  streamline  planes and in  table  V i n  the 
horizontal  planes. Because the  angle between the streamline and the 
a x i a l   w e c t i o n  f o r  s ta tor  rows of stages 3 t o  5 was  small ( less  than SO 
fo r  any blade element), the blade  properties  calculated along streamline 
planes were  assumed t o  exist a long the  horizontal  planes  for  these  stages. 
The f i r s t  two sta tor  rows were madhined alloy s t ee l  blades, and the   th i rd  
t o  f i f t h  stators were cast stainless-steel  blades. 

A photograph of the assembled  compressor with 'the upper casing r e -  
moved i s  shown in  figure 8. 

Lewis Flight  Propulsion  Laboratory 
National Advisory Committee f o r  Aeronautics 

Cleveland, Ohio, June 18, 1954 



16 

K E L O C I T Y - D I A G W  EQUATIONS 

From reference Lo, the basic redial. equilibrium  equation  for  steady 
axially symmetric (a/ae = 0 )  flow at  an axial s ta t ion between blade rows 
i s  given by the  following  (neglecting term involving the coefficient of 
viscosity) : 

For the particular  type of design used herein, the following design 
conditions w e r e  assumed: 

(1) No radial variation of heat transfer or  diasipation of energy 
by viscosity over the main portion of flow outside the w a l l  boundary 
layers (as/& = 0) .  ( T h i s  assumption loses some of i t s  val idi ty  in t he  
later stages as the flow  mea becomes smaller, but f o r  simplicity it 
was used at all stations. ) 

(2) Negligible  effect of streamline  curvature in the r,x-plsne 
(&,/ax PI 0) .  According to  reference 10, this assumption will be valid 
for a stage  with low blade  aspect  ratio and large  axial  spacing between 
blade rows. 

( 3) R a d i a l l y  constant work input Fn all stages. Inasmuch as the 
t o t a l  energy at the compressor inlet i s  constant  radially and no work is 
done across the stators, a radially  constant  total  energy will occur at 

three design conditions into the  basic  equation (Al)  result8 i n  the sixn- 
plified  design  equation 

blade-row stations, that is, &/ar = 0. me  subst i tut ion of these 

A t  the rotor  outlet, f o r  constant  rotor work input from hub t o  t i p  
ELna no inlet rotation, a free-vortex  rotation is required,  given  by 

and equation (a). reduces t o  

a" 
M 

Thus, the axial velocity will be constant radially at the  rotor outlet .  
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- For axial  discharge at the s ta tor   out le t ,  VB P 0, asd from equa- 
t i on  (a) 

V, = constant f m  
The axial velocity i s  thus also radially  constant at the out le t  of each 
s ta tor  row. 

w 
A t  the ro tor   ou t le t   ( s ta tor  inlet) ,  the tangential   velocity at the 

G 
(3, the rotor  according t o  

tip (no inlet rotation) i s  related to the total-pressure  ratio across 

Total-pressure  ratio is then  related t o  total-temperature  ratio 
through the adiabatic temperature-rise efficiency by the equation 

"1 
Tn-1 

(Stage and over-all efficiencies w e r e  obtained from eq. (A7) by using 
stage and over-d.1  total-temperature m a  total-pressure  ratios.) 

The continuity  equation f o r  the actual w e i g h t  flow at rotor   or  
s ta tor   out le t  i s  

(A81 

and the density is given by 

1 

The to ta l   ve loc i ty  is  r e l a t ed   t o  its components, as shorn in figure 4, 
by 
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or 
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The radial angle of the conic &reamline surface 8 i s  given by 

t = tan -1 Ar iG 
h, 

where L k  and bx w e  the changes i n  radius and a x i a l  distance,  respec- 
tively, of a stretxuXLne across the  blade row from inlet t o  out le t  

\ 

b 
( f ig .  3) * 

For compressor designs of high  presswe  ratio  or short axial chord 
lengths, the value of the tangent plane angle 8 may be re lat ively 
large (especially for an inlet stage), asd the radial angle terms of the 
velocity-diagram  equations  cannot be neglected a8 was done i n  this 
design. Thus, for general use, complete equations me given below. 

Veloclty diagrams at t h e  rotor  inlet vere computed from 

Velocity diagrams at the  rotor   out le t   (s ta tor  inlet) w e r e  computed from 

@ . +  vx (1 + tan 6 )  2 .  2 2 

. 

Standard inlet   to ta l   pressure ssd total temperature were taken, 
respectively, as 2116.8 pounds .per  square  foot and 520' R -  
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APPENDIX B 

The actual wedght flow passing  through any axial s ta t ion of the 
compressor may be -essed i n   t e r m  of average f low conditions as 

w = Q V ~ Y C (  rt - rh) = I(pVxsrrt( 1 - zh) 2 2  2 2 
( 31) 

0, where Zh rdrt, the hub radius ratio;  pVx i s  an average value across 

a passage where free-stream  conditions  me  considered  to exist to the 
w a l l  boundaries; and K i s  the boundmy-layer  blockage factor. From 
the energy  equation,  the s ta t ic   densi ty  i s  

1 
y-l 

u 

or, in t q s  of total pressure, total tmperature, and axial velocity 
(neglecting  radial  velocities), 

1 

Y -1 
wRT cos2@ 

The velocity of sound based on t o t a l  t a p e r a t u r e  i s  given by 

E$ = a R T  

C a m b i n i n g  equations (X) and (B3) and subat i tu t ing  in equation (Bl) 
then yield 

In terms of r a t i o s  based on compressor-inlet  conditione, 
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where Po and To are t o t a l  conditions at the compressor in le t .  Solv- .. 
ing f o r  zh then  gives 

r v 1.0 " 

r 
1.0 - - r -1 

2 
1 2 

%,o cos 

For this design  with  axial-discharge  stator  blades, 8t each  atage 
out le t  B = 0 and the cos2p .term i n  equation (B6) was unity. 
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stage 

TABLE I. - -STAGE CHARACTERISTICS USED W FINAL DESIGN 

Axial 
s t a t i o n  

2 

4 

6 

8 

10 

12 

Stage 
efficiency, 

7 

0.890 

.885 

.875 

.870 

.850 

Stator-outlet 
a x i a l  velocity, 

VX I 

ft/ aec 

648 

6 20 

600 

570 

550 

520 

Stage total- 
pres sure 
r a t i o  

1.390 

1.480 

I. 425 

1.350 

1.265 

B a u r d a r g  
Layer 
blockage 
factor, 
K 

0.99 

.95 

.94 

.93 

.92 

.90 



WCA RM E54324 

T Stage Sta- 
t ion 

1 2  

2 4a 

3 6a 

4 8a 

5 10a 

23 

Z 

0 0500 
.600 
.700 
0 800 
900 

1.000 

0.620 
.696 
.772 
848 

.924 
1.000 

0.722 
,778 
.833 
.889 
.944 
1.000 

0.778 . 822 
.e67 
.9= 
,956 

1.000 

0.816 
.e53 
,890 
-926 
.963 

1.000 

Entrance vectors 1 Change a c r o ~ s  row 

0 648 

I !  
0 617 

0 l i  
0 I 1  

595 

572 

+ 1006 850  0.787  -932 

1093 

1.183 1277 
1.096 ll83 
1.012 

943 0.826 
1005 -880 
1070 .937 
ll38 

1.057 1207 
-997 

1 . u 9  1278 

1005 0.821 
1054 .861 
U O 5  .903 
l l 5 6  .944 

1261 1.030 

104 0.800 
1083 .832 
1123 .863 
l l 6 5  .895 
1208 .928 
1251 .961 

1065 0.777 
1099 -801 
ll34 -827 
l l 69  .852 
1204 -878 
1240 .904 

1208 .98j 

40.3 

6.7 316 59.5 
8.9 346 56.8 

1 2  .I 382 53.6 
16  -9 427 49.9 
23.9 483 45.5 
33.9 -53 557 

! 
D i f  f U- 
sion 
fac- 
tor, D 

0 . 4714 

.3557 

46.3  36.4  -75  634 
49.6 577 

’ 529  52.5 
27 .8 

9.8 423 59.4 
12 .5 454 57.4 
16.1 488 55.1 
21.1 1 

1 
52.2  29 .O -52 583 
54.2  546 

19.4 514 56.1 
23 -6 

11.2 437 60.7 
13.3 460 59.3 
16 .O 485 57.8 

55.2 21.0 -54 509 
56.7 

442 59.3 
15 -0 462 58.0 
17.8 485 

9.5 406 61.6 
U.1 423 60.5 
1 2  .9 

0.564.6 

.#56 

0.5503 

. 4420 

0.5408 

-4393 

57.5 
58.6 
59.7 
60.7 
61.7 
62.5 

445 
426 
408 

i 391 
376 
362 I I  

-48 16.2 
13.9 
12 .o 

9.1 
7.9 

10.4 

0.5163 

. 4175 
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TABU 111. - STATOR VXLOCITY-DIAGRAM DATA ON STREAMLINE (TANGENT) PLANE 

Entrance  vectors I C h a n g e  across  row1 D i f f u -  - 
ve 

- 
557 
483 
42 7 
382 
346 
316 

634 
577 
529 
488 
454 
423 

583 
546 
514 
485 
460 
437 

509 
485 
462 
442 
423 
406 

445 
426 
408 
391 
376 
362 

- 

- 

- 

- 

- 

595 I 815 
766 
732 
707 
688 
674 

0.730 

.592 

764 
745 

714 

0.717 

.589 

0.635 

.554 

541 743  0.548 

i 
I 

727 
7 u  
699 
687 
676. .496 

524  687 0 .a4 
675' 
664 
654 
645. 
637 -447 

g: 
t o r ,  D 

43.1 
39 .I 
35.7 
32.7 
30.2 
20 .O 

557 
483 
42 7 
382 
346 
316 

25 

1 
43.1 
39.1 
35.7 
32.7 
30.2 
28 .O 

0.4321 

.3023 

47.0  634 24 47.0 

42.6  529  42.6 
45.1 577 45.1 

0.5009 

40.3 488 40.3 

.3933  36.3  423  36.3 
30.2 454 38.2 

45.9  0.5226 
44.0 546 44.0 
42.3  514  4.2.3 
40.6 405 40.6 
39.2 460  39 .2 
37.7  437  37.7 .45s 

43.2 0.4930 
41.9 

40.5 462 40.5 
39.2 442 39.2 
38.0  423 38 .O 
36.9  406  36.9 .443l 

39.1 426 
37.9 408 
36.7 391 
35.7 376 
34.6 362 

0.4786 

. 4343 

1 
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. . . . . . . 

L I 

. . . . . . . 
OT-4 

. .  . 

I. 

- 
Lan- 
Line 

In. 
d l U 6 ,  

- 
2.64 
3.80 
7.72 
15 .u 

3.06 
3.92 
6.83 

10.57 

- 

. . .. 
3198 

Ressure- 
surface 

in .  
, 

- 
Bolid- 
i t Y ,  

a 

- 
1.89 
1.59 
1.22 

.98 

1.86 
1.66 
1.38 
1.17 

- 

Camber 
angle, 

m ?I 

- 
58.4 

19.9 
40.3 

11.7 

52 -1 
470.0 
25.7 
14.8 

httlng m- 
wse, Inlum 

deg !EBB) 

thick- 

P" 
cent 
C W d  

I ,  

" 

B .9 8 
22 .Q 
40.2 
49.7 5 

17.4 8 
26.3 
39 -6 
48 .O 5 

27.9 0 

43.2 
33.7 

423 .8 5 

37 .8 0 
Kl.1 
46.7 
51.1 5 

42.3 8 
44.8 
43 .O 
52.5 5 

auction 
6WfecE 
radlus, 
in. 

- 
2.18 
2.92 
5.06 
7 -51 

2.45 
3.ol 
4.60 
6.64 

Radius Hub 
ra t io ,  arid 

x chord 

%,x' 
in. 

length, 

" 

0.500 2.50 
,600 
.800 

1.ooO 

0.620 2.50 
.696 .Ma 

1.oOO. 

Jmber 

blade6 
Of 

7 

23 

27 

5.64 
3.46 

16.83 
55.a 
4.23 

x? .E 
5.85 

26.02 

4 

1 1  
I 

28 2.86 

2.88 
2.87 

2.93 

1.77 
1.64 
1.44 
1.30 
- 
1.M 
1.38 
1.25 
1.U 

1.21. 
1.16 
1.07 

.99 

- 

42.4 
347.1 
21.7 
l3.8 

2.98 

5.E 
3.56 

7.42 

8.12 
6 e 1 5  

15.59 
96 21 

3.95 
4.89 

12.20 
7-86 

4 10.2 
9.5 

6.7 

14.96 
17.74 
26.60 
41.68 

6 -16 
7 .I2 
12 -65 
9 -50 

6.96 
7.91 
m.12 
12.90 

- 

- 

25 

23 

3.96 
4.53 
5.87 
7.51 

4.17 
4.73 
5.96 
7 -48 

2.86 

I 
I 2.71 

26.8 
23.1 
17.3 
U.0 

22.4 
19.7 
15.6 
12.0 

LO .3 
9.9 
9 .o 
8 .2 

25.13 
26.43 
34.55 50.15 

. .  
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N m 

2 

3 

Amber Radiue Tip Actual Solid-  Inci-  

blades e chord length, u angle, 
of ratio, axial chord i ty ,  h n c e  

length, c,  
C 

1, in. k g  
*,X' 
Ill. 

Amber Radiue Tip Actual Solid-  Inci-  

blades e chord length, u angle, 
of ratio, axial chord i ty ,  h n c e  

length, c,  
C 

1, in. k g  
*,X' 
Ill. 

39 0.675 2.050 1.89 
.780 
.a70 

1.m 2.00 1.27 

37 0.753 

De- Camber 

t ion 
via- angle, 

9, 
m e ,  ' &g 

m s', 

2.3 45.6 

9.6 ' 42.4 
4.3 43.8 

17.0 45.0 

5.0 50.1 
3.0 50.4 

u.0 47.3 
7.2  47.7 

6.5 54.4 

16.0 55.7 
lJ.9 54.5 

54.4 

50.3 

E.0 51.6 
~1.5 50.8 

Y .. 

22.2 
19.7 
18.2 
18.7 

20.7 
16.2 
11.9 

18.9 

1L.7 
l5.3 

17.2 
13.9 
N.8 

6.5 

0 

9 

10 

9 

10 

9 

10 

Suction Pressure- 
l i ne  surface surface 
k n -  

radius, radius., in. in.  in.  
radius 

2 .l5 3.41. 

'2.20 ' 3.m 
2 -20 

2.61 
3.66 2.72 

2.06 3.84. 
2 .eo 
2.65 

2 .os 3.03 2.41 
2 .D2 
2 .os 

3.10 
3.42 

2.42 
2.54 
2.56 

2.24 
2.23 
2 .I3 
2.m 
2.29 
2.23 

2.4.0 

2.34 
2.37 

2 . m .  3.62 

86TE 
I- , I. 
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TAB= VI. - THICKNESS DISTRIBUTION FOR A 1O-PERCENT- 

M A X T ~ - T H I C K N E S S  65-SERIES BLADE' 

I-"1 
x, 

percent 
chord - 

0 
.5 
.75 
1- 25 
2.5 
5-0 
7.5 
Lo 
15 
20 
25 
30 
35 
40 
45 
50 

*y, 
percent 
chord 

0 
.772 
.932 

1.169 
1.574 
2.177 
2.647 
3.040 
3.666 
4.143 
4.503 
4.760 
4.924 
4.996 
4.963 
4.812 

x, 
percent 
chord 

55 
60 
65 
70 
75 
80 
85 
90 
95 
100 

Chord =ne 

*y, 
percent 
chord 

4-530 
4 146 
3- 6ll 
3.123 
2 - 643 
2 - 188 
1.762 
1- 369 
1.037 
800 

kther thiclmesees scale proportionately. 

27 
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28 NACA RM E M 2 4  

x 
?i 

f 

I I, Free-stream r e g i o n 4  
I ”-= 

Eub 

Hub boundary layer 

Radius, r 

Figure 1, - Assumed radial dLvision of flow at blade-row outlet 
illustrating  free-stream  and  boundary-layer  regions. 
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Inlet Outlet 

HACA RM E W 2 4  

Compressor axis 

Figure 3. - Sketch illustratin$ radial angle of a 6 ~ ~ m e d  Conic 
streamline surface. 
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Figure 4.  - Relationehipe between total velocity and i t s  componente. 
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(b) Hub. 

Figure 5. - Schematic sketch of velocity dia@;rams for firet-stage rotor and 
stator at hub and t i p  radii. [Stator diagram represented by absolute 
( l e f t  side) portton of diagram.l 
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.L 

Figure 6. - Sketch of angles used to compute blade properties. 
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.6 .7 .9 1.0 1.1 1.2 1.3 
~adius ratio, r/r, 

Figure 7. - Design values of deviation-angle mter f o r  stator blades. 
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